precipitated fluorides. After drying, the etched K-feldspar grains were mounted as a monolayer on stainless steel 1 discs of 9.8 mm diameter using "Silkospray" silicone oil as an adhesive. Grains covered the central ~5 mm 2 diameter portion of each disc, corresponding to several hundreds to thousands of grains per aliquot. 3 IRSL measurements were made on an automated Risø TL-DA-20 reader equipped with IR-emitting 4 diodes for stimulation (870 ∆ 40 nm). The total IR power delivered to the sample position was ~135 mW/cm 2 5 (Bøtter-Jensen et al., 2003) and laboratory irradiations were carried out on the reader using a calibrated 90 Sr/ 90 Y 6 beta source. IRSL signals were detected by an Electron Tubes Ltd 9235B photomultiplier tube fitted with Schott 7 BG-39 and Corning 7-59 filters to restrict transmission to 320-480 nm. Each IR stimulation was made for 100 s 8 (Table 2) , and the resulting signal was calculated as the sum of counts over the initial 5 s of measurement, with 9 'late light' subtraction (Aitken, 1998) of the background count rate over the final 5 s of stimulation. Prior to each 10 IRSL measurement, an 'IR-off' period of up to 50 s was applied to minimise interference from the isothermal 11 decay signal (Fu et al., 2012) . 12 Samples were measured using the single-aliquot 'pre-dose' MET-pIRIR (pMET-pIRIR) procedure 13
proposed by Li et al. (2014a) and outlined in Table 2 . This procedure is similar to the standard MET-pIRIR 14 procedure of Li and Li (2011) , except that a 2 hr solar simulator bleach is given at the end of each SAR cycle, 15 instead of a high-temperature IR bleach. The purpose of the solar bleach is to reset the dose-dependent 16 sensitivity of the MET-pIRIR signals, based on the observations by Li et al. (2013b) that the sensitivity of these 17 signals is reduced to a stable level after a 2 hr bleach using a UVACUBE 400 solar simulator. Li et al. (2014a) 18 found that this bleach effectively reset the dose-dependent sensitivity between successive SAR cycles and that, 19 consequently, both Lx and Tx signals could be used for De determination. 20 Table 1 lists the preheat temperatures, MET-pIRIR stimulation temperatures and sizes of test dose given 21 to each of the study samples. Preheats were made at either 300 °C for 60 s or, for four of the samples, at 320 °C 22 for 60 s, with the same preheat applied to the natural, regenerative and test doses. The MET-pIRIR signals were 23 measured by stimulating with IR at successively higher temperatures, from 50 to 250 °C in steps of 50 °C. In 24 addition, for the four samples preheated to 320 °C, an extra MET-pIRIR stimulation temperature of 280 °C was 1 included. The size of the test dose ranged from 24 to 66 Gy. We show later that the shape of the DRCs is mainly 2 influenced by the IR stimulation temperature, whereas the preheat temperature and size of the test dose have 3 little effect. 4
Regenerative-dose normalisation 5
In this study, we tested whether the re-normalisation method proposed by Li et al. (submitted) for quartz 6 could be extended to K-feldspar. The basic idea of this method is to re-normalise the DRCs using one of the 7 regenerative dose signals to reduce the between-aliquot variation in the extent of sensitivity change from the 8 measurement of the natural or regenerative dose signals to that of the corresponding test dose signals. This can 9 be achieved by re-normalisation, as demonstrated mathematically by Li et al. (submitted) . To briefly recap, 10 assuming a single electron trap gives rise to the luminescence signals induced by the natural, regenerative and 11 test doses (following Chen et al., 2011) , then the sensitivity-corrected signal (L/T) can be described using a 12 single saturating exponential function: 13 thermal treatments in the geological past. Each of these factors could influence the extent of sensitivity change 22 (i.e., k) induced by laboratory irradiation, preheating and bleaching, as has been reported for quartz OSL (e.g., 1
Murray and Wintle, 1999a Wintle, , 1999b Chen et al., 2001 ). This effect is also expected to influence the IRSL signals 2 from K-feldspar, because of the known dependence of the sensitivity of feldspar IRSL to these same factors (e.g., 3 Blair et al., 2005; Li et al., 2013b) . 4
To overcome the problem of variations in k, Li et al. (submitted) proposed an improved method to 5 normalise DRCs for single aliquots of the same or different samples, using one of the regenerative dose signals 6 (Lr1). Based on eqn. 1, it follows that the re-normalised sensitivity-corrected signal ( x / x ) can be expressed as: 7
where Dr1 is the regenerative dose chosen for re-normalisation. This method produces a DRC independent of k 9
and, hence, it should be able to reduce the between-aliquot variation associated with the different dosing, 10 bleaching and thermal histories of individual grains. Li et al. (submitted) noted, however, that re-normalisation is 11 unlikely to eliminate all of the between-aliquot variation, because the D0 value may differ among aliquots and 12 the k-value may be dose dependent (e.g., Murray and Wintle, 2000) , although the latter dependency should not 13 influence the accuracy of De estimation (Wintle and Murray, 2006) . 14 To test whether the re-normalisation method is applicable to different samples of K-feldspar, we 15 compared the DRCs for the sensitivity-corrected MET-pIRIR 250 °C signals of samples CEP-OSL1, . Of these four samples, PIN-OSL2 and CEP-OSL1exhibited a large extent of 17 between-aliquot scatter in Lx/Tx (black diamonds in Fig. 2a and 2b , respectively) and in Ln/Tn for PIN-OSL2 18 (data plotted on the y-axis). After re-normalising these DRCs using one of the regenerative dose signals (denoted 19 by the blue arrows in Fig. 2 ), the scatter in Lx/Tx and Ln/Tn are reduced significantly (red circles in Fig. 2 ). For 20 example, the relative standard deviation (RSD) of Ln/Tn for PIN-OSL2 is 23% (n = 6) and this is reduced to 13% 21 after re-normalisation (using the regenerative dose signal at 770 Gy for each aliquot). For the same sample, the 22 RSD values for the Lx/Tx ratios at regenerative doses of 385, 770, 1210 and 1650 Gy range from 8 to 16%, which 1 are reduced to 1-4% after re-normalisation (Fig. 2b) . 2 A similar trend is observed for CEP-OSL1 using the Lx/Tx signal at 1650 Gy to re-normalise each of the 3 aliquots. In this instance, the RSD of Lx/Tx for the regenerative doses fell from 4-6% to 1-2%, but the RSD of 4
Ln/Tn decreased negligibly, from 3.8 to 3.5%. The other two samples (MTL-OSL7 and LC-230) showed little 5 between-aliquot scatter in Lx/Tx and Ln/Tn (i.e., RSD values of 1-2 % for Lx/Tx), so no significant improvements 6 were gained after re-normalising ( Fig. 2c and 2d) . We attribute the small scatter in Lx/Tx and Ln/Tn for these two 7 samples to the smaller grain size used (63-90 µm): this results in each aliquot containing more grains, so there is 8 a larger grain-averaging effect and, hence, reduced between-aliquot variation. 9
The results in Fig. 2 suggest that re-normalisation is especially useful for reducing between-aliquot 10 variations in the DRCs for samples with a large scatter in Lx/Tx, such as CEP-OSL1 and PIN-OSL2. In such 11 cases, k evidently varies among aliquots of the same sample, but this variation can be largely removed by re-12 normalising using one of the regenerative dose signals. In the next section, we compare the DRCs of different 13 samples after re-normalisation. 14
Between-sample comparisons of DRCs 15
To test whether the re-normalisation procedure could also reduce inter-sample variations in DRC shape, 16
we measured the IRSL and MET-pIRIR signals for a range of samples from around the world (Table 1 ). The re-17 normalised DRCs for the Lx/Tx, Lx and Tx signals (measured at different stimulation temperatures) are shown for 18 these samples in Fig. 3, 4 and 5, respectively. Sixteen of the samples were measured using the single-aliquot 19 pMET-pIRIR procedure (Table 2) , and Sm0404 and DGT-OSL1 were measured using the multiple-aliquot 20 pMET-pIRIR procedure of Li et al. (2013b) to enable a comparison of the DRCs obtained using single-and 21 multiple-aliquot methods . 22 Each of the data points in Fig. 3-5 is based on the average of 4-6 aliquots; the associated relative 1 standard errors are typically only a few percent and are omitted for clarity. Fig. 3a -e shows the DRCs for the re-2 normalised Lx/Tx signals measured at stimulation temperatures of 50-250 °C. The DRCs have been multiplied by 3 a scaling factor, such that the regenerative dose DRC for each sample passes through a re-normalised Lx/Tx value 4 of unity at 770 Gy; this is equivalent to normalising each data set using the regenerative dose signal at 770 Gy. 5
Unlike the DRCs from quartz OSL, which can be fitted by either a single saturating exponential function or a 6 saturating exponential plus linear function (see Li et al., submitted) , the compiled DRCs from the K-feldspars 7 investigated in this study appear to be more homogeneous and are best represented by a double saturating 8 exponential function: 9
where y0, y1 and y2 are constants, and D1 and D2 are the characteristic saturation doses of the two exponential 11 components. We note that, as in previous studies (e.g., Thomsen et al., 2011) , our fitting with two exponential 12 components is purely empirical and no physical justification is provided. The best-fitted DRCs are shown as 13 solid lines in Fig. 3a-d and the values of the fitting parameters are listed in Table 3 . For the 250 °C MET-pIRIR 14 signal (Fig. 3e) , the best-fitted curve is shown as a dashed line and, for comparison, the same dashed curve is 15 displayed in Fig. 3a-d . The following features are revealed in Fig. 3:  16 a) The 250 °C Lx/Tx signal saturates at a lower dose than those measured at lower stimulation temperatures, 17 consistent with the smaller D0 values estimated from curve fitting (Table 3) . DRCs up to a dose of ~1000 Gy, but then diverge (Fig. 3a) . A similar trend is observed for the 100 and 21 150 °C MET-pIRIR signals ( Fig. 3b and 3c) . (Fig. 3d) , while the 24 250 °C signals are indistinguishable up to the maximum applied dose of 3600 Gy (Fig. 3e) . The DRCs 1 obtained using the single-aliquot pMET-pIRIR procedure (Table 2) appear to be identical with those of 2 samples Sm0404 and DGT-OSL1, which were measured using the multiple-aliquot pMET-pIRIR 3 procedure (Li et al., 2013b) . 4
d) The similarity in the DRCs for the different samples suggests that there is little dependence on either the 5 preheat temperature or the size of the test dose, both of which varied between samples (Table 1) . 6
e) The D0 values of the DRCs in Fig. 3 are consistent with the observations of Li and Li (2011), who 7
suggested an upper dose limit of ~800-1000 Gy for the sensitivity-corrected (Lx/Tx) MET-pIRIR signals. 8 (Table 3) . 18 b) For the 50 °C IRSL signal (Fig. 4a ), the DRCs for the different samples appear to diverge above a dose 19 of ~1500 Gy. This divergence is less prominent for the MET-pIRIR Lx signals measured at higher 20 temperatures ( Fig. 4b-e) , and all of the samples appear to share a similar DRC shape for the 250 °C 21
MET-pIRIR signal (Fig. 4e ). For the latter signal, the DRCs obtained using the single-aliquot procedure 22 are indistinguishable from those obtained for samples Sm0404 and DGT-OSL1 using the multiple-23 aliquot procedure. 24 c) As the DRCs for the various IRSL and MET-pIRIR Lx signals are indistinguishable up to ~1500 Gy, a 1 common DRC can be established up to this dose limit. Above this dose, however, the 250 °C Lx signal 2 saturates earlier than the Lx signals stimulated at lower temperatures. 3 d) As with the Lx/Tx data, we can discern no dependence of the shape of the DRCs on either preheat 4 temperature or the size of the test dose. 5
e) The D0 values of the DRCs in Fig. 4 suggest an upper dose limit of ~1600-2000 Gy for the Lx signal. 6
Finally, the DRCs for the test dose (Tx) signal-a proxy for sample sensitivity-are shown for the IRSL and 7
MET-pIRIR signals of the different samples in Fig. 5 . The DRCs have been re-normalised to unity at ~770 Gy 8 and fitted using a double saturating exponential function. The DRCs for the different samples are widely 9 scattered when the Tx signal is stimulated at 50 °C ( Fig. 5a ), but this scatter is reduced at higher stimulation 10 temperatures ( Fig. 5b-e) . Furthermore, the dose dependence (i.e., the ratio between the signal intensities at high 11 and low doses) is greater for the MET-pIRIR signals measured at higher stimulation temperatures. The least 12 scatter in the DRCs is observed for the 250 °C MET-pIRIR signal, but there remains considerable scatter in the 13 low-dose range (<300 Gy) even at this elevated temperature, which would prevent the reliable estimation of De 14 for young samples using the Tx signal. The D0 values of the DRCs in The test-dose normalised SGC method proposed previously (e.g., Roberts and Duller, 2004; Lai, 2006; 1 Lai et al., 2007) required measurements of only Ln and Tn for each aliquot, and the Lx/Tx ratios were then 2 projected on to the SGC. Burbidge et al. (2006) recommended that one additional regenerative dose response 3 could be measured to check the validity of the SGC. The procedure proposed here is similar to their suggestion, 4 but the additional regenerative dose signal (Lr1) and corresponding test dose signal (Tr1) are measured for each 5 aliquot in order to re-normalise the DRCs. With this information, the De of the re-normalised Lx/Tx signal can be 6 calculated by solving the following equation using an iterative method: 7
where f(D) is the gSGC function for the Lx/Tx signal and Dr1 is the regenerative dose used for re-normalisation. 9
The form of this equation is equally applicable to Lx and Tx (as the denominators) and the fitting parameters of 10 the DRCs plotted in Fig. 3 are listed in Table 3 . Li et al. (submitted) explain how eqn. 3 is derived and 11 recommend that Dr1 should be close in size to the De to minimise the scatter about the gSGC remaining after re-12 normalisation. 13
To test the reliability of De estimation using the gSGC functions established for the 250 °C MET-pIRIR 14 Lx/Tx, Lx and Tx signals (Fig. 3e, 4e and 5e, respectively), 84 individual aliquots from 14 samples were analysed 15 using the method described above. Here we focus on the 250 °C MET-pIRIR signal for De determination, 16 because it has the most reproducible DRC for the different stimulation temperatures tested (Fig. 3-5 ) and has a 17 negligible fading rate (Li and Li, 2011) . In Fig. 6 , the De values obtained for the Lx/Tx, Lx and Tx signals using the 18 gSGC are compared against those determined by constructing full SAR growth curves for each aliquot. Reliable 19
De estimates cannot be obtained from the Lx/Tx signal beyond a dose of ~1000 Gy (Fig. 6a) due to the substantial 20 uncertainties associated with projecting Lx/Tx ratios on to the gSGC as it approaches saturation (Fig. 3e) . By 21 contrast, the Lx signal has much smaller uncertainties for De values greater than 1000 Gy (Fig. 6c ), owing to this 22 signal having a much higher saturation dose level (Fig. 4e) . For the Lx signal, the gSGC and individual DRCs 23 13 yield consistent De values up to a dose of ~1600 Gy (Fig. 6c and 6d) , and the Tx signal gives a similar result (Fig.  1 6e and 6f). We did not estimate De values smaller than 250 Gy for the Tx signal, because of its limited dose-2 dependency and the large between-sample variation in the low-dose range (Fig. 5e) . 3
The De estimates for the Lx/Tx signal obtained from the gSGC and from individual DRCs are consistent 4 at 2σ, up to a dose of ~1000 Gy. That is, the relationship between the two data sets is statistically consistent with 5 the 1:1 line in Fig. 6a and 6b , and most of the points deviate no more than 10% from this line. Similar results 6
were obtained for the Lx and Tx signals, with both of these relationships extending to much higher doses (Fig.  7 6c-f). The De values obtained from the gSGC and individual DRCs are displayed as ratios in Fig. 7 also respond differently to the experimental treatments given in the laboratory, even if all of the grains are 22 measured using identical procedures. This predicted variability is supported by our results for the MET-pIRIR 23
Lx/Tx signal measured at 250 °C using the SAR procedure, which yielded large between-aliquot variation for two 24 of the four samples tested (Fig. 2a and 2b) . We have shown that the re-normalisation procedure can substantially 1 reduce such variation in the Lx/Tx signal by producing a DRC independent of k (see eqn. 2). 2 However, re-normalisation is of greatest benefit when the sensitivity-uncorrected signal (Lx) is used for 3
De determination (Li et al., 2014a) . The sensitivity may vary significantly between aliquots, but the variation can 4 be largely eliminated using the re-normalisation procedure. Fig. 8 presents such an example using sample MTL-5 OSL7. In Fig. 8a , the 250 °C MET-pIRIR Lx signals for 6 aliquots are plotted against the corresponding 6 regenerative doses. Large variations in Lx and Ln (the latter shown on the y-axis) are observed for the different 7 aliquots, but re-normalising these signals using the regenerative dose signal at 638 Gy effectively eliminates this 8 scatter ( Fig. 8b) and enables a well-defined DRC to be fitted to the re-normalised Lx signals. 9
The samples investigated in this study were collected from a variety of geological settings in various 10 parts of Asia, Europe and Africa, so they are expected to have different luminescence properties and pre-burial 11 histories of irradiation, bleaching and heating, resulting in a range of k-values. In addition, the inherent IRSL 12 sensitivity (Tn) of these samples is highly variable, as shown in Fig. 9 by the distribution of the 250 °C MET-13 pIRIR Tn signal intensities for the 84 aliquots included in Fig. 6 and 7. The sensitivity varies over 3 orders of 14 magnitude, from less than 10 counts/Gy to more than 5,000 counts/Gy. Yet despite such large variation in Tn, the 15 re-normalisation method allows the DRCs for different samples to be compared and then combined to form a 16 gSGC. 17
Furthermore, we have shown that although these samples were measured using a variety of experimental 18 conditions (e.g., different preheat conditions and sizes of test dose), they yield essentially indistinguishable 19
DRCs after re-normalisation (Fig. 3-5) . By largely eliminating the variation caused by differences in 20 measurement conditions and in luminescence properties of K-feldspars from different regions of the world, it is 21 possible to establish a gSGC based on the re-normalised DRCs for the MET-pIRIR signals-and the 250 °C 22 signal in particular. We have confirmed that De values based on the gSGC are consistent with those obtained 23 from individual DRCs, so we consider the gSGC as a robust and rapid means of generating multiple estimates of 1
De for K-feldspars, especially for older samples that require the application of large laboratory doses. 2
We expect that the gSGC established here will be applicable to other K-feldspar samples measured using 3 the same MET-pIRIR signals, but we suggest that a few aliquots (e.g., 4-6) from each sample or each site should 4 be measured routinely using a full SAR procedure to test if the re-normalised DRCs have the same shape as the 5 gSGC proposed here. The existence of a gSGC for the MET-pIRIR signals also foreshadows the probable 6 existence of a common DRC for other pIRIR signals, including two-step pIRIR signals (e.g., Thomsen et al., 7 2011 ). However, as DRC shapes can differ significantly for different pIRIR signals (Fig. 3-5 and Li et al., 8 2014b), it may be necessary to construct the re-normalised DRC specific to each signal. 9
Finally, although we have demonstrated that a gSGC may be established for single aliquots of K-10 feldspar extracted from a variety of samples, the existence of a common DRC does not necessarily imply that 11 reliable age estimates will be obtained, because the natural signals are measured separately. The latter caveat 12 applies equally to the De values estimated using the full SAR procedure. For this reason, dose recovery tests 13 (Roberts et al., 1999) , fading tests, residual signal measurements and age checks against independently dated 14 samples also need to be performed to demonstrate that a series of known doses can be accurately determined 15 from the re-normalised DRC. Furthermore, to maximise the benefits of establishing a gSGC for De 16 determination, future research could usefully focus on investigating the variability in the re-normalised DRCs of 17 individual grains of K-feldspar from the same and different samples. Incorporation of this knowledge into single-18 grain pIRIR dating procedures may make it practicable to obtain reliable De values from a large number of 19 individual grains, thereby enabling questions of pre-depositional bleaching and post-depositional mixing to be 20 readily investigated. 21
Conclusions 22
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